Abstract-Non-thermal atmospheric pressure dielectric barrier discharge (DBD) plasma may provide a novel approach to treat malignancies via induction of apoptosis. The purpose of this study was to evaluate the potential of DBD plasma to induce apoptosis in melanoma cells. Melanoma cells were exposed to plasma at doses that did not induce necrosis, and cell viability and apoptotic activity were evaluated by Trypan blue exclusion test, Annexin-V/PI staining, caspase-3 cleavage, and TUNEL Ò analysis. Trypan blue staining revealed that non-thermal plasma treatment significantly decreased the viability of cells in a dose-dependent manner 3 and 24 h after plasma treatment. Annexin-V/PI staining revealed a significant increase in apoptosis in plasma-treated cells at 24, 48, and 72 h post-treatment (p < 0.001). Caspase-3 cleavage was observed 48 h post-plasma treatment at a dose of 15 J/cm 2 . TUNEL Ò analysis of plasma-treated cells demonstrated an increase in apoptosis at 48 and 72 h post-treatment (p < 0.001) at a dose of 15 J/cm 2 . Pre-treatment with N-acetyl-L-cysteine (NAC), an intracellular reactive oxygen species (ROS) scavenger, significantly decreased apoptosis in plasma-treated cells at 5 and 15 J/cm 2 . Plasma treatment induces apoptosis in melanoma cells through a pathway that appears to be dependent on production of intracellular ROS. DBD plasma production of intracellular ROS leads to dosedependent DNA damage in melanoma cells, detected by c-H2AX, which was completely abrogated by pre-treating cells with ROS scavenger, NAC. Plasma-induced DNA damage in turn may lead to the observed plasma-induced apoptosis. Since plasma is non-thermal, it may be used to selectively treat malignancies.
INTRODUCTION
Apoptosis, or programmed cell death, 7, 44 is a critical element of cellular self-regulation, which is a vital function in multi-cellular organisms allowing for appropriate growth, development, and death at the necessary times. The non-functioning of a tumorsuppressor gene or the over expression of an antiapoptotic protein are both important pathways in cancer development. Many anti-cancer therapies are aimed at modulating these factors with various drugs in an attempt to target components of the apoptotic pathway. 21, 52 However, many of these approaches remain in preclinical development secondary to low efficacy and drug resistance. 20, 54 Our current research seeks to develop techniques to modulate apoptotic activity in cancer cells by evaluating an electro-physical approach to induce apoptosis.
We sought to explore the effects of exposure of melanoma cells to DBD plasma. We also attempt to present a few mechanisms underlying the induction of apoptosis by non-thermal plasma. The development and use of non-thermal plasma has been described by Fridman et al. 14 Plasma, the fourth state of matter, is a partially ionized gas and was named by Irving Langmuir from blood plasma in the biological field. Despite this fact, electrical plasma is typically associated with high-energy physics employed in the semiconductor industry while rarely being used for medical applications. The few known uses of electrical plasma in medicine are based on the high temperatures generated by thermal discharges. Thermal plasma approaches, such as electrocautery 43, 48, 51, 60 and Argon Plasma Coagulator, 2, 17, 50, 68 are widely used in medicine today to rapidly coagulate blood and ablate tissue. 2, 17, 43, [48] [49] [50] [51] 60, 68 However, they lead to significant thermal tissue damage. For these reasons, non-thermal room temperature electrical discharges where thermal damage is eliminated are being widely developed by various groups. 14, 23, 64 Non-thermal DBD plasma has recently emerged as a novel tool in medicine. The operating principle of this plasma discharge is similar to the Dielectric Barrier Discharge (DBD) introduced by Siemens in 1862. 59 DBD plasma is generated at atmospheric pressure in air or other gases when high voltage of sinusoidal waveform or short duration pulses is applied between two electrodes, with at least one electrode being insulated. 5 The insulator prevents build-up of current between the electrodes, creating electrically safe plasma without substantial gas heating. This approach allows direct treatment of biological systems without thermal damage that is observed in more conventional thermal plasmas. 14, 68 Our floating electrode dielectric barrier discharge (FE-DBD) plasma system is constructed similar to conventional DBD described above and is inherently non-thermal as it operates at room temperature. 5, 14, 59 FE-DBD plasma operates under conditions where one of the electrodes is an insulated high voltage electrode, and the second (floating) active electrode is human (Fig. 1b) or animal tissue or organ; plasma is not generated in the absence of human or animal skin or tissue surface.
14 Plasma is an ionized gas composed of charged particles (electrons, ions), electronically excited atoms and molecules, radicals, and UV photons. Plasma treatment exposes cells or tissue surface to active short-and long-lived neutral atoms and molecules, including ozone (O 3 ), NO, OH radicals, and singlet oxygen (O 2 1 D g ), and a significant flux of charged particles, including both electrons and positive and negative ions like super oxide radicals. 9, 12 Non-thermal plasma density, temperature, and composition can be changed to control plasma products.
Non-thermal plasma has been widely used to sterilize animate and inanimate surfaces. 14, 18, [36] [37] [38] [39] [40] 61, 64, 66 It can be applied at sub-lethal doses to elicit specific biological effects, including gene transfection, 3, 4, 42 cell detachment, 32, 33, 64, 65 growth factor release induced cell proliferation 30 , and wound healing. 14, 19, 22, 23, 58 Nonthermal plasma can even have selective effects. In recent studies on plasma-initiated blood coagulation, 14, 23 skin sterilization, 14, 15 and tissue toxicity after plasma treatment, 25, 29 plasma did not demonstrate measurable toxicity in the surrounding living tissue. To date, there has been no investigation of the interaction between non-thermal atmospheric plasma discharges and the induction of apoptosis in cancer cells. This information is critical for non-thermal DBD plasma to be considered as a viable clinical cancer treatment tool.
MATERIALS AND METHODS

Cell Lines and Reagents
Melanoma cell line (ATCC A2058) was cultured in Dulbecco's modified Eagle's medium with 4 mM L-glutamine adjusted to contain 1.5 g/L sodium bicarbonate, 4.5 g/L glucose (ATCC , 10% fetal 
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bovine serum (ATCC 30-2020), and 1% Penicillin/ Streptomycin (Sigma-Aldrich, St Louis, MO). The cells were propagated in 100-mm plastic petri dishes (Greiner Bio One) in a 5% CO 2 incubator at 37°C. Media was changed every 2-3 days. After 4-5 days of incubation when the cells reached 85-90% confluency, the cells were trypsinized (0.25% (w/v) Trypsin-0.53 mM EDTA) harvested, and transferred to 44-mm diameter aluminum Petri dishes (Fisher Scientific, Pittsburgh, PA). To improve the cell adhesion on aluminum petri dishes, the dishes were pre-treated with 0.01% w/v poly L-lysine (PLL, 70-150 kDa) for 10 min, prior to adding cells. Excess poly L-lysine was removed, and the plates were allowed to dry for 30 min at room temperature before plating cells. Experiments were begun 2 days after plating cells in aluminum dishes. The number of cells in each Petri dish at the beginning of each experiment was about 1 9 10 6 with 3-9% being trypan blue positive.
Actinomycin D (Biovision Inc., Mountain View, CA), a potent inducer of apoptosis, was used as a positive control. N-acetyl-L-cysteine (NAC; 2 mM, Sigma-Aldrich, St Louis, MO), an intracellular reactive oxygen species (ROS) scavenger, was used to block intracellular ROS generation.
Plasma Treatment of Melanoma Cells In Vitro
Non-thermal atmospheric pressure DBD plasma was produced using an experimental setup similar to one previously described and schematically illustrated in Fig. 1 . 14, 23 The non-thermal plasma was generated by applying alternating polarity continuous waveform (1.5 kHz) voltage of~20 kV magnitude (peak to peak) between the insulated high voltage electrode and the sample undergoing treatment using a variable voltage power supply (Quinta, Russia). A 1-mm thick, polished clear fused quartz was used as an insulating dielectric barrier covering the 1-inch diameter copper electrode. The discharge gap between the bottom of the quartz glass and the treated sample surface was fixed at 3 mm ± 1 mm. Discharge power density was measured to be roughly 1.0 W/cm 2 using both electrical characterization and a specially designed calorimetric system. Plasma treatment dose in J/cm 2 was calculated by multiplying the plasma discharge power density by the plasma treatment duration. For example, plasma treatment at a power density of 1 W/cm 2 for 15 s would correspond to a dose of 15 J/cm 2 . Non-thermal DBD plasma produces various ROS in gas phase whose typical concentrations are provided in Table 1 . 10, 12, 13 The dependence of ROS concentration on plasma power density is extremely complex 5, 34 . DBD plasma has a g-factor (number of ROS generated per electron volt or eV) between 0.3 and 0.5. 11 For a plasma dose of 3.9 J/cm 2 , about 2 9 10 17 ROS are generated.
Early experiments revealed that plastic Petri dishes prevented application of uniform plasma discharge to the cells. As an alternative, aluminum Petri dishes (Fisher Scientific) were used to plate and treat cells in vitro. The only drawback was the inability to observe the cells directly on the aluminum plates. For this reason, additional controls were prepared in parallel with standard Petri dishes of the same size. There was no significant difference in the growth rates of melanoma cells in PLL-coated aluminum dishes as compared to that in plastic petri dishes (Fig. 2) . Melanoma cell growth patterns are important to note, because the inactivation results reported here are not due to lack of nutrition, cell age, or the influence of toxicity due to PLL or the aluminum substrate on the cell's life cycle. At the start of each experiment, all the FIGURE 2. Growth rates of melanoma cells in poly L-lysine coated dishes and plastic petri dishes. 1 3 10 6 cells were seeded at day 0 in aluminum and plastic petri dishes. Viability was evaluated using trypan blue exclusion test each day for 12 days after seeding. Data from triplicate samples (6SD) were plotted. Growth was monitored by replacing medium every 2 days.
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A R T I C L E media from each experimental or control Petri dish was aspirated, and 200 lL of fresh growth medium was added to keep the cells moist. Cells were then exposed to non-thermal plasma, and 1 min after treatment, 2 mL of fresh media was added for further incubation until the time of analysis. Cells in dishes that were not exposed to plasma were used as controls and were processed similar to plasma-treated cells.
Trypan Blue Exclusion Test
Trypan blue exclusion was used in the initial dose response and time-course experiments using the following protocol. 1 9 10 6 Melanoma cells were seeded in aluminum petri dishes 2 days before plasma treatment. Cells were exposed to different doses of plasma and incubated for 1, 3, Colony Survival Assay 1 9 10 6 Melanoma cells were seeded in aluminum petri dishes 2 days before plasma treatment. Cells were exposed to 200 lM H 2 O 2 (positive control) or plasma treated as described above at various doses. After treatment, fresh medium was added to the cells, and the cells were incubated for 24 h at 37°C. After 24 h, cells were trypsinized with 0.25% Tryspin in 0.53 mM EDTA, centrifuged at 1000 rpm for 5 min, resuspended in 2 mL of 19 PBS, and quantified. Each sample was then was diluted to have 300 cells/mL, to start with the same number of cells for each treatment condition on day 0. 300 cells/mL were plated in 60 mm plastic petri dishes (plastic dishes were utilized to better enable us to count the colonies and as shown growth rates of cells in aluminum and plastic dishes were not significantly different) and then the cells were incubated for 11 days with the medium being replaced every 2 days. Assays were performed in triplicate.
Annexin-V/PI Staining
Cell propagation and plasma treatment were carried out as above. In order to confirm apoptotic activity, cells were cultured as above and then exposed to nonthermal plasma at a dose of either 5 or 15 J/cm 2 . Untreated cells were used as control, while cells treated with Actinomycin D were used as positive control. The cells were harvested at 0, 24, 48, and 72 h after treatment and stained using the Guava Nexin apoptosis kit (Guava Technologies, Hayward CA). Analysis was performed using the Guava Ò Personal Cell Analysis (PCA) 96 System. Annexin-V is a calcium-dependent phospholipid binding protein with high affinity for phosphatidylserine (PS), a membrane component normally localized to the internal face of the cell membrane. Early in the apoptotic pathway, molecules of PS are translocated to the outer surface of the cell membrane where Annexin-V can readily bind them. This assay incorporates this PS-Annexin-V binding as an indicator of early-stage apoptotic cells. The Guava Nexin TM assay kit utilizes Annexin-V-PE to detect PS on the external membrane of apoptotic cells. The cell impermeable dye, 7-AAD, was used as an indicator of membrane structural integrity. 7-AAD is excluded from live, healthy cells, and early apoptotic cells, but permeates late-stage apoptotic and dead cells. Triplicate samples of each group were run consecutively at each time point to establish statistical validity. Annexin-V positive cells were quantified and plotted at each time point and each experimental condition.
Caspase-3 Cleavage Assay
Caspase-3 cleavage was analyzed by immunoblot. Total cell lysates were prepared by direct lysis of floating and attached cells in 29 SDS sample buffer containing b-mercaptoethanol. Samples were electrophoresed on a 1.5-mm 15% polyacrylamide gel at 150 V in Tris-glycine SDS running buffer [25 mmol/L Tris, 192 mmol/L glycine, 0.1% SDS (pH 8.3)]. Following electrophoresis, proteins were transferred on to PVDF (Millipore, MA, USA) membrane for 3 h at 65 V in Tris-glycine transfer buffer [10% SDS, Deionized Water, Tris-Glycine and Methanol (VWR, PA USA)]. Immunoblotting was done by blocking membranes in 5% bovine serum albumin (BSA, Fraction V, Fisher Scientific) in PBST for 30 min followed by incubation with primary antibody in 5% BSA in PBST for cleaved caspase-3 overnight for 10-12 h at 4°C with rocking. Primary antibodies used for immunoblot included rabbit polyclonal antibodies specific for cleaved caspase-3 (Millipore, MA, USA). The primary antibody was detected with fluorescently tagged goat anti-rabbit Alexa and Fluor 488 (Santa Cruz Biotechnology). Immunoblot was developed using Odyssey Infrared Gel Imaging system (LI-COR Biosciences, NE, USA).
One of the hallmarks of late-stage apoptosis, or programmed cell death, is the fragmentation of nuclear chromatin. This generates DNA strands with exposed 3¢-hydroxyl ends, which are enzymatically labeled in the TUNEL assay. Cells were harvested as above at 24, 48, and 72 h after treatment in triplicate and were stained using the DeadEnd TM Fluorometric TUNEL assay (Promega Co.). The DeadEnd TM Fluorometric TUNEL System is a classic TUNEL Assay designed for the specific detection and quantization of apoptotic cells within a cell population. The DeadEnd TM Fluorometric TUNEL System measures nuclear DNA fragmentation, an important biochemical hallmark of apoptosis in many cell types. The DeadEnd TM Fluorometric TUNEL System measures the fragmented DNA of apoptotic cells by catalytically incorporating fluorescein-12-dUTP (a) at 3¢-OH DNA ends using the enzyme Terminal Deoxynucleotidyl Transferase (TdT), which forms a polymeric tail using the principle of the TUNEL (TdT-mediated dUTP Nick-End Labeling) assay. The fluorescein-12-dUTP-labeled DNA can then be visualized directly by fluorescence microscopy or quantitated by flow cytometry.
For fluorescence microscopy, cells were fixed on Lab-Tek slides for the TUNEL assay. Samples were analyzed under a fluorescence microscope using a standard fluorescence filter set to view the green fluorescence of Fluorescein at 520 ± 20 nm. Both control and treated cells were cultured in aluminum dishes to analyze the possibility of apoptosis developing from contact with aluminum.
For flow cytometry analysis, cell suspensions were treated with the DeadEndTM Fluorometric TUNEL System (Promega US Co), following the manufacturer's instructions. Counterstaining was done by incubating cells for 20 min at room temperature in the dark in phosphate-buffered saline containing 6 ng/mL RNAse (Roche Applies Sciences, Indianapolis, IN) and 5 ng/mL propidium iodide (Invitrogen, Carlsbad, CA) in PBS. Suspensions were washed once in PBS and resuspended in PBS for analysis. Flow cytometry was performed using a FACSORT flow cytometer (BD Biosciences, San Diego, CA). Data acquisition was done using Lysis II software (version 2.0, BD Biosciences). Fluorescence spillover was removed by compensation. At least 10,000 events were acquired per sample. Data analysis was performed using WinMDI software (Joseph Trotter, The Scripps Research Institute, La Jolla, CA, available online from http://www.facs. scripps.edu). Apoptotic and necrotic cells were differentiated by plotting PI fluorescence over fluorescein in a bivariate plot. Quadrants were set to define TUNELnegative cells with normal DNA content; TUNELpositive cells were counted as apoptotic, TUNEL-negative cells with lower DNA content as necrotic. 
Immunoblotting to
Statistics
Statistical analyses were performed with Prism software (Graphpad, CA, USA). Data were normally distributed and expressed as the mean ± SD. Comparisons between two groups were analyzed by Student's t test, and comparisons between more than two groups were analyzed by ANOVA. A value of p £ 0.05 is considered statistically significant and is indicated in the text or in figures with a pound sign (#). A value of p £ 0.001 is indicated with an asterisk (*).
RESULTS
Cell Viability Post-Non-thermal Plasma Treatment
Using Trypan Blue Staining 2 ranging from 80% non-viable cells at 1 and 3 h to more than 90% at 24 h as compared to control (p < 0.001). Since doses of 20 and 30 J/cm 2 decreased cell viability more than 50% at very short time points of 1 and 3 h, it was decided to discontinue treating cells at doses higher than 15 J/cm 2 . Higher doses were likely inducing significant necrosis that defeated the purpose of evaluating apoptotic activity in plasma-treated melanoma cells.
Colony Survival Assays to Measure Long-Term Cell
Viability Post-Non-thermal Plasma Treatment
Trypan blue exclusion test gives a good indication of cell viability; however, it does not indicate true longterm survival that is better assessed by colony survival assay. In order to determine whether the decrease in cell number was due to induction of cell death and whether the remaining cells were viable, colony survival assays were performed at various time points after plasma treatment. Melanoma cell survival 11 days after plasma treatment was significantly decreased with increase in the dose as shown in Fig. 3b . Eleven days after treatment, only 28% survival was observed in cells treated at 5 J/cm 2 (p < 0.001) which further decreased to 15 and 8% at 10 and 15 J/cm 2 , respectively (p < 0.001 as compared to untreated cells). 230 ± 12 colonies were counted in untreated samples 11 days after plating. Non-thermal plasma not only impairs cell viability in the short term but also decreases long-term viability and survival of melanoma cells. This indicates that non-thermal plasma is not only able to kill melanoma cells but many of the cells that appear to survive are not viable, i.e., they cannot form a colony.
Induction of Apoptosis in Melanoma Cells Post-Plasma
Treatment Measured by Annexin-V/PI Staining Via Flow Cytometry
To confirm that non-thermal plasma was inducing apoptosis in melanoma cells, Annexin-V/PI staining was utilized. The cells were treated with non-thermal plasma at two different doses, viz, 5 and 15 J/cm 2 . The reason for limiting the treatment to these two doses was twofold, treatment of cells at a dose of 5 and 15 J/cm 2 decreased viability to 60 and 50%, respectively, 24 h after plasma treatment and survivability decreased to 28 and 8%, respectively, 11 days after treatment which meant we would be left with enough cells to analyze apoptotic activity after plasma treatment and doses higher than 15 J/cm 2 lead to significant necrosis. Untreated cells were used as control. Cells treated with 4-mM Actinomycin D, a known inducer 
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of apoptosis, were used as positive control. The cells were analyzed 3, 24, 48, and 72 h after treatment. As shown in Fig. 4 , Annexin-V/PI staining confirmed no significant increase in apoptosis at early time points (3 h) after non-thermal plasma treatment, but a significant increase in apoptosis was observed in plasma-treated cells 24, 48, and 72 h post-treatment (p < 0.001). As shown in Fig. 4, 3 h after plasma treatment, the number of total apoptotic cells in untreated cells was 8%, as compared with 12 and 10% after treatment with 5 and 15 J/cm 2 , respectively. Twenty-four hours after treatment with 5 and 15 J/ cm 2 , the amount of Annexin-V/PI positive cells increased to 22 and 28%, respectively (p < 0.001) as compared to untreated cells, which had only 8% apoptotic cells. 48 h after plasma treatment, total apoptotic cells in 5 and 15 J/cm 2 increased to 40 and 57%, respectively (p < 0.001) as compared to untreated control that had only 10% apoptotic cells. Seventy-two hours after plasma treatment, the total apoptotic cells were 42 and 50% respectively (p < 0.001) in cells treated with 5 and 15 J/cm 2 as compared to 15% in untreated control. Thus, immediately following treatment with non-thermal plasma, there was no significant increase in Annexin-V positive cells. However, at later time points, non-thermal plasma induced significant apoptosis at 5 and 15 J/cm 2 as seen by the increase in Annexin-V positive cells.
Caspase-3 Cleavage
To test whether non-thermal plasma treatment of mammalian cells indeed led to induction of apoptosis by initiating caspase-3 mediated apoptotic pathway, we determined cleavage of caspase-3 post-non-thermal plasma treatment by carrying out western blot analysis of whole cell lysates collected at various time points after plasma treatment. As shown in Fig. 5a , no significant cleavage of caspase-3 is observed up to 48 h after plasma treatment at a dose of 5 J/cm 2 while as shown in Fig. 5b we see significant cleavage of caspase-3 48 h after plasma treatment at a dose of 15 J/cm 2 . Thus, non-thermal plasma induces cleavage of caspase-3 in melanoma cancer cells that is a well-known marker for initiation of apoptosis.
TUNEL Ò Assay
To determine whether the decreased cell viability at a dose of 5 J/cm 2 as assessed by trypan blue staining (Fig. 3a) and colony survival (Fig. 3b) and early-stage apoptosis measured by Annexin-V/PI staining (Fig. 4) and initiation of apoptosis by caspase-3 cleavage (Fig. 5) led to late-stage apoptosis, terminal deoxyribonucleotide transferase-mediated nick-end labeling (TUNEL) assays were carried out in plasma-treated melanoma cells. As seen in the caspase-3 cleavage assay, no cleavage of caspase-3 was observed 48 h after plasma treatment at a dose of 5 J/cm 2 whereas significant cleavage was observed after treatment at a dose of 15 J/cm 2 , we decided to perform TUNEL analysis only on cells exposed to a dose of 15 J/cm 2 . Cells were treated at a dose of 15 J/cm 2 and then incubated and stained for DNA fractionation 24 h later. Following the TUNEL assay procedure, it was observed that a 
Role of Change in pH of Medium in Non-thermal Plasma-Mediated Melanoma Cell Death
It is known that non-thermal plasma treatment of cell culture medium leads to significant reduction of pH and this may be a cause for the observed cell death. As shown in Fig. 7a , plasma treatment of cell culture medium leads to drop in pH from 8.5 to 5.5 with increasing doses of plasma from 5 to 30 J/cm 2 . pH of 
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the medium drops to 6.5 in samples treated at a dose of 20 J/cm 2 (p < 0.05 as compared to untreated sample) and drops further to 5.4 in samples treated at a dose of 30 J/cm 2 (p < 0.001 as compared to untreated sample). To test the role of significant change in pH postplasma treatment as a mediator of plasma-induced cell death, plasma treatment of cells at a dose of 15 and 30 J/cm 2 was compared to incubation of melanoma cells in acidified medium (pH 5.4) for 1 min followed by incubation in fresh medium for 3 h. As shown in Fig. 7b, 3 h after plasma treatment, the number of dead cells in plasma-treated (15 and 30 J/cm 2 ) samples is significantly higher (50 and 78%, respectively; p < 0.001) than those in untreated control (8%) or cells placed in acidified medium (10%). Based on these results, change of pH of the medium after plasma treatment does not play a significant role in plasmainduced apoptosis.
Role of Non-thermal Plasma Produced ROS in the Induction of Apoptosis in Melanoma Cells
Non-thermal plasma is known to produce various active neutral short-and long-living ROS like [OH, O, electronically excited oxygen O (1D), O2 (1Dg)] and (O 3 , HO 2 , H 2 O 2 ) in cell culture medium. 24, 28 To test the role of these ROS in non-thermal plasma-induced apoptosis, we pre-incubated melanoma cells for 1 h in 2.25 mM NAC, an intracellular scavenger of ROS, followed by treatment at a dose of 5 and 15 J/cm 2 .
FIGURE 7. pH does not play a major role in plasma-induced apoptosis, while plasma-generated intracellular ROS mediate induction of apoptosis in DBD plasma-treated melanoma cells. (a) pH of the medium covering the cells during treatment was measured using a micro pH electrode after treatment with different doses of plasma as indicated. Data from triplicate samples (6SD) are plotted. (b) Melanoma cells were exposed to fresh cell growth medium or acidified cell growth medium with a pH of 5.4 for 1 min or plasma treated at a dose of 30 J/cm 2 followed by incubation in fresh medium for 3 h. Cell viability (non-viable cells stained blue) was determined 3 h after treatment by trypan blue exclusion test. Data from triplicate samples (6SD) are plotted. (c) Melanoma cells were incubated for 1 h with 2.25 mM N-acetyl-L-cysteine (NAC) (+) or cell culture medium (2), followed by treatment with the indicated dose of DBD plasma. Apoptotic activity was measured 24 h after plasma treatment by harvesting and staining the cells with Annexin-V/PI. Samples were run on the flow cytometer and analyzed using Gauva Ò software. Data from triplicate samples (6SD) are plotted. * p < 0.001 while # p < 0.05.
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Apoptotic activity was assayed 24 h post-plasma treatment using Annexin-v/PI staining. Untreated cells and untreated cells with NAC alone were used as controls, and cells treated at the same dose in the absence of NAC were used as positive control. As shown in Fig. 7c , pre-treatment with 2.25 mM NAC, a free radical scavenger, significantly decreased the level of apoptosis induced in response to plasma treatment as compared to cells without NAC. Plasma treatment at a dose of 5 and 15 J/cm 2 induced apoptosis in 28 and 35% of the cells, respectively, which was reduced to 11% (p < 0.001) and 20% (p < 0.05), respectively, in cells pre-treated with NAC, while NAC alone had no effect on the melanoma cells. These results indicate that ROS generated by non-thermal plasma are likely mediating non-thermal plasma-induced apoptosis.
Induction of DNA Damage in Melanoma Cells
by Plasma-Produced ROS One possible mechanism underlying the observed ROS-mediated apoptotic effects of DBD plasma is induction of massive DNA damage. 41 To determine whether DBD plasma treatment of melanoma cells could induce DNA damage, we looked at phosphorylation of H2AX, a histone variant that is phosphorylated in response to DNA damage. 55 Western blot with an antibody that detects H2AX phosphorylated at Ser139 (c-H2AX) revealed that plasma treatment of cells at doses ranging from 5 to 30 J/cm 2 induces a dose-dependent increase in c-H2AX (Fig. 8a) . It is important to note that the c-H2AX signal deteriorates at 30 J/cm 2 indicating the cells are dying via necrosis and not apoptosis. This may be another indication that at higher doses (>15 J/cm 2 ) non-thermal plasma may induce necrosis.
To determine whether DNA damage is induced by plasma-generated intracellular ROS, we pre-incubated melanoma cells for 2 h with 4 mM NAC, washed the cells with 19 PBS, followed by plasma treatment. NAC completely blocked the induction of c-H2AX (DNA damage) (Fig. 8b) in melanoma cells at a dose of 15 J/cm 2 , suggesting that the accumulation of DNA damage, as measured by c-H2AX, is mediated by intracellular ROS and DBD plasma-induced DNA damage may play a major role in the observed plasmainduced apoptosis.
DISCUSSION
Initiation of apoptosis is an important issue in cancer treatment as cancer cells frequently have acquired the ability to block apoptosis and thus are more resistant to chemotherapeutic drugs. Targeted and selective destruction of cancer cells is desirable for many reasons, ranging from the enhancement of or aid to current medical methods to problems currently lacking a solution, e.g., lung cancer. In this article, we demonstrate the induction of apoptosis in a human melanoma cell line in vitro by exposure to non-thermal atmospheric pressure plasma and try to present some of the underlying biological mechanisms.
The melanoma cell line (ATCC 2058) was chosen as our model because they are very rapidly proliferating and adherent. We did not aim to find a de novo treatment for melanoma, but rather investigate the influence of the non-thermal DBD plasma on human cancer cells. Initial experiments began by identifying the characteristics of a sub-lethal dose. This is the dose where we observed the ability of DBD plasma to induce apoptosis but not significant necrosis. We went on to follow the effects of this exposure on cell death over time. Apoptotic activity in melanoma cells was evaluated using standard approaches including trypan blue staining, Annexin-V/PI, caspase-3 cleavage, and TUNEL assay.
Non-thermal plasma was shown to induce apoptosis in melanoma cells at a dose of 5 J/cm 2 or higher. During apoptosis, cells undergo a series of complex biochemical changes leading to cell death without causing significant inflammation. The fact that treated cells do not initially die but stop growth and die en masse 12-24 h following treatment, while untreated cells continue to grow and proliferate, suggested that plasma treatment might induce apoptosis. Early 
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apoptotic behavior was confirmed with Annexin-V/PI and Caspase-3 cleavage assays, while late apoptotic behavior was confirmed through TUNEL staining with subsequent flow cytometry.
Previously, we 14 and other groups 18, 35, 40, 57, 61, 64, 65, 67, 69, 72 have shown that plasma is able to destroy cells; however, it was also observed that plasma might be able to initiate or catalyze some biochemical processes in biological systems. 14, [22] [23] [24] 26, 27 Cell death after treatment of melanoma cells with non-thermal plasma occurs via the apoptotic pathway. The cell death mechanism post-plasma treatment in vivo or in vitro is an important consideration. Apoptosis is a mode of programmed cell death initiated by physiological or pathological signals. Apoptotic cells are broken up into apoptotic bodies, which are engulfed by neighboring cells leading to a clean cell death without significant inflammatory response. 7, 21, 44 On the contrary, necrosis is a form of accidental cell death accompanied by cellular swelling, blebbing, and increased membrane permeability leading to leakage of cytosolic content. This typically leads to inflammation in the surrounding tissue. 7, 21, 44 There is significant therapeutic advantage in cancer treatment to kill cells by apoptosis and avoid necrosis and the associated inflammation. By controlling plasma dose, it should be possible to use plasma to primarily induce apoptosis rather than necrosis.
By acidifying the media, it was shown that the plasma treatment initiates this behavior in cells not through a pH change in the growth media or through interaction with the aluminum dishes, but through direct interaction with the cells. Pre-incubation of melanoma cells with 2.25 mM NAC significantly reduced the amount of apoptosis as compared to untreated control or cells without NAC. This indicates that induction of apoptosis by DBD plasma is mediated through the formation of intracellular ROS. Nonthermal plasmas produce long-lived (O 3 , NO, HO 2 , H 2 O 2 ) and short-lived [OH, O, electronically excited O (1D), O2 (1Dg)] neutral particles and charged particles (ions and electrons). Both charged and neutral particles can lead to additional ROS production in the treated fluid. 24, 28 Direct effects of non-thermal plasma treatment could include local heating caused by plasma streamers or UV radiation. Non-thermal atmospheric pressure DBD plasma is able to produce a large concentration of ROS in the extracellular media during treatment. 9 Interestingly, the intracellular ROS scavenger NAC decreased induction of apoptosis in melanoma cells after plasma treatment. ROS produced by plasma extracellularly may move across the cell membrane by active transport across the bilayer, transient opening of pores in the membrane, or activation of signaling pathways that modify intracellular ROS concentration. ROS produced by non-thermal plasma may also modify the cell media, which in turn may initiate intracellular processes. Since many of these ROS species have a very short life span, they may immediately interact with components of the medium including amino acids and proteins, leading to production of long-lived reactive organic hydroperoxides. 16 These in turn may induce lipid peroxidation and cell membrane damage, or they may bind to cell membrane receptors and activate intracellular signaling pathways leading to apoptosis. Various studies have shown that intracellular ROS can induce apoptosis in a caspase-3 dependent manner. 31, 53, 70, 71 As result of the above-mentioned processes, intracellular ROS may damage cellular DNA leading to apoptosis due to inability of the cells to repair the massive damage. As shown in Fig. 8a , melanoma cells undergo DNA damage due to non-thermal plasma treatment as measured by phosphorylation of H2AX. Interestingly, the intracellular ROS scavenger, NAC, also blocked phosphorylation of H2AX after non-thermal plasma treatment of melanoma cells, indicating that the induction of DNA damage is mediated through the formation of intracellular ROS and the inability of the cells to repair the induced DNA damage may ultimately lead to induction of apoptosis as observed.
Ionizing radiation 1, 56, 63 and chemotherapy 6, 8, 45 are the most commonly used treatments for various types of malignancies, including melanoma, but both treatment modalities have severe systemic side effects since they not only kill the tumor but also damage healthy tissue surrounding the malignant tissue. Melanoma is the most aggressive form of skin cancer and is notoriously resistant to radiation and chemotherapy. Recently, pulsed electric fields have also been shown to be able to initiate apoptosis in melanoma cancer cells. 46 Non-thermal plasma differs from radiation, chemotherapy, and electromagnetic fields; chemotherapy has systemic side effects while electromagnetic fields are penetrating and therefore injure surrounding tissue. Ionizing radiation requires extensive and expensive equipment for administration. Various studies also suggest that melanoma cells frequently acquire radiation resistance 47 and chemoresistance 62 by exploiting their intrinsic resistance to apoptosis and by reprogramming their proliferation and survival pathways during melanoma progression. Non-thermal plasma on the other hand provides a novel and safer means to induce apoptosis since it is non-penetrating and therefore provides precise control of treatment area and depth. Non-thermal plasma has the potential benefit that it may be applied directly to specific areas of interest potentially avoiding systemic side effects. Since non-thermal plasma can be attached to the end of a probe, it has the added benefit of potentially being able to target areas of the body that are technically
difficult to reach such as the lungs and internal organs. Non-thermal plasma devices are also relatively inexpensive, portable, and simple to manufacture and operate. Based on its ability to produce apoptosis in melanoma cancer cells, non-thermal plasma could potentially be used as a novel clinical cancer therapy tool.
We have demonstrated that exposure of melanoma cells to atmospheric pressure non-thermal DBD plasma induces apoptosis, and this effect is likely related to production of ROS by non-thermal plasma and DNA damage induced due to intracellular ROS. From the results presented here, it is clear that the dose of plasma can be regulated and can be administered at doses that appear to induce apoptosis in cells to an equal or greater degree than a known inducer of apoptosis. It is important to separate the effects of individual constituents of plasma in direct contact with cells, as well as to study synergistic effects of different plasma components to obtain further insight into mechanisms of induction of apoptosis. Future work will primarily address understanding the interaction of plasma with living tissue and physical and biochemical mechanisms thereof; for example, evaluation of the effect of various plasma-generated excited species on the cell membrane and membrane proteins or intracellular signaling due to production of ROS by nonthermal plasma. Further investigations are warranted to evaluate the detailed biological mechanisms by which non-thermal plasma can induce apoptosis. A better understanding of biological pathways/mechanisms of non-thermal plasma mediated apoptosis, as well as its selectivity, will facilitate the introduction of this modality as an additional resource in our anticancer treatment arsenal.
